Abstract The paper reviews research investigations conducted on Tunis soft clay that is classified as problematic soil. Results obtained from an experimental study carried out on undisturbed Tunis soft clay specimens are presented and interpreted. On the basis of experimental results, the paper discusses which constitutive law can describe at best the observed behavior of Tunis soft clay. The elastoplastic behavior modeled by the hardening soil model is then justified upon the validation of numerical results of oedometer and triaxial tests carried out on undisturbed soft clay specimens. Stage construction of embankment built of Tunis soft clay was analyzed by the FE code Plaxis 2D. This case study well illustrated the need for practicing ground improvement techniques to neutralize the inherent long-term settlement induced in soft clay.
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Introduction
The soil profile of Tunis City mainly consists of a layer located between 3 and 20 m depth constituted by grayish sandy clay, which is at the origin of the contamination observed on several constructions built on this ground. This soil commonly called the Tunis soft clay (TSC) is very problematic because of the difficulty to extract undisturbed specimens for performing laboratory tests. Besides, performing in situ tests sometimes leads to unrealistic data due to its very low stiffness compared to that of expanded membrane to measure the limit pressure during pressuremeter tests. Bouassida [1] reported the difficulty in predicting the undrained cohesion of TSC from in situ vane shear tests due to unreasonable interpretation of these results. In parallel, the use of reconstituted TSC to avoid disturbance of specimens does not reflect the actual behavior of in situ soil [7] . An overview on geotechnical parameters of TSC and related correlations were suggested by [4] . In this paper, a comparison was made between the characteristics of reconstituted and undisturbed TSC.
Relevant contribution on numerical modeling of TSC was proposed by Tounekti et al. [10] . Those [10] . This paper focuses on the study of behavior of TSC as observed from experimental investigation conducted in laboratory. A set of identification tests, oedometer and triaxial tests has been performed on samples extracted during geotechnical campaigns conducted in Tunis City. From experimental data the soil parameters of hardening soil and modified cam clay constitutive laws are determined and then used as input data to simulate oedometer and triaxial tests. The validation of those constitutive models was discussed based on comparison between experimental and numerical results [8] . As continuation of this latter, the prediction of an embankment behavior is here investigated using stage construction scheme.
Geotechnical investigations: sampling and laboratory tests
In the urban area of Tunis City two bore holes namely BH1 and BH2 spaced of 10 m were executed at the ''Avenue de la République''. Cored specimens namely CS1 and CS2 have been extracted, respectively, at 7.5 and 9.5 m depths by a double rotary driller of external diameter 101 mm.
• BH1 soil profile shows an upper fill layer of 7 m thickness overlaying the Tunis soft clay layer of about 18 m thickness. Three undisturbed cored specimens (specimen 1, specimen 2, and specimen 3) have been extracted at depths of 7.55, 9.85 and 18.35 m, respectively.
• BH2 soil profile shows a similar formation as that observed in BH1. Thickness of the upper fill layer is 2.5 m. Two cored specimens (specimen 4 and specimen 5) have been extracted at depths of 3.75 m and 7.75 m, respectively.
Undisturbed samples are cored in PVC tubes of 101 mm external diameter, logged in the rotary driller gently penetrated within soft clay layer at displacement rate of about 10 mm/min. Extracted PVC tubes are then placed in wood boxes and transported from the site to laboratory so that shocks are prevented.
In laboratory, undisturbed soil specimens are extracted by penetrated thin cutting shoe in the direction of in situ extraction. Therefore, soft soil specimens are ready for laboratory tests from extracted cutting shoe. Laboratory tests have been carried out at the soil mechanics laboratory of the Higher Institute of Technological Studies of Rades (Tunis). The soil identification tests included: grain size distribution (sieve and hydrometer), total unit weight, specific gravity, Atterberg limits and content of organic wastes (OM). The second group of tests included oedometer tests (compressibility and consolidation), consolidated undrained (CU) triaxial tests and consolidated drained (CD) triaxial tests.
Experimental results

Identifications tests
As part of soil identification wet sieve and sedimentation analyses were performed on five undisturbed soft clay specimens. Grain size distributions show the average minimum fines content (grain size \0.08 mm) is about 87 % [6] . Table 1 summarizes the identification parameters of the five undisturbed soft clay specimens.
The classification of saturated Tunis soft clay is highly plastic silt with very low consistency. For undisturbed soft clay specimens, which contain wastes of shell, Atterberg's limits values are lower than those obtained for the reconstituted Tunis soft clay [1] .
Several useful properties also help in a better identification of soft clays. Indeed, chemical tests for the determination of content of organic wastes and the calcium carbonate, respectively, provide useful information about the compressibility and strength [5] .
The percentage of organic content recorded for reconstituted Tunis soft clay was about 3.12 %. Undisturbed soft clay has a higher organic content than the reconstituted soft clay which confirms its low compressibility of about 10 %.
Oedometer tests
Referring to Table 2 undisturbed soft clay specimens no. 1, no. 2, no. 3, no. 4 and no. 5 extracted at average depth of 8.5 m is classified as under consolidated. The pre-consolidation stress of tested specimens is lower than the effective vertical stress at extraction depth that varied from 52 to 180 kPa. Compression and swelling indices indicate that undisturbed Tunis soft clay has lower compressibility and swelling than those of reconstituted soft clay [7] . Meanwhile recorded values of compression index are in accordance with those initially reported by Touati et al. [9] from other geotechnical investigations data conducted on Tunis soft clay undisturbed specimens, i.e., 0.4 B C c B 0.6.
CU and CD triaxial tests
The drained friction angle of tested specimens is found in the range of u 0 = 19.2°-23.7°. The drained cohesion is not very significant since it does not exceed 5 kPa (Table 3) . The inherent over-consolidation of tested specimens is more likely attributed to the applied consolidation stress during triaxial test (up to 300 kPa) which largely exceeds the in situ effective overburden stress at depth of extracted specimens (less than 20 m).
Justification of the hardening soil model (HSM) for Tunis soft clay
Zimmermann et al. [11] recommended the adoption of the standard HSM for normally consolidated soft clays. Relationships between the parameters of the HSM are as follows:
The HSM is selected to simulate the behavior of Tunis soft clay since it is capable to account for the increase in stiffness due to consolidation stress. Such parameter is essential for the modeling of foundation that extends to relatively deep soil layers for example underneath an embankment. From recorded experimental data the input parameters of HSM adopted for Tunis soft clay layer are presented in Table 4 .
Numerical investigation is performed to simulate the oedometer and triaxial tests carried out on TSC specimens. Aside from the HSM, the modified cam clay (MCC) model is also considered to characterize the TSC for the purpose of numerical predictions. Table 5 presents the geotechnical parameters of the modified cam clay model considered for undisturbed specimens extracted at the Avenue Mohamed V at depths from 3 to 20 m.
Note that k and j are proportional to compression and swelling indices, respectively [6] .
Simulation of observed behavior of TSC
The simulation of oedometer and triaxial tests is conducted by using the software Plaxis V9.2D in axisymmetric condition due to the cylindrical geometry of tested specimens and applied loading.
Oedometer tests
Numerical computations are run by Plaxis software with the assumed HSM and the MCC model input parameters. Quarter of the specimen is considered for numerical simulation due to the geometrical and loading symmetries (radius equals 17 mm; height equals 35 mm). Figures 1 
Interpretation of results
From Figs. 1, 2, 3 and 4 it is noted that the numerical prediction by the HSM during the primary consolidation phase is overall in accordance with the observed behavior on tested specimens. In turn, significant difference is noticed between experimental data and the numerical predictions obtained by the modified cam clay model that overestimates the predicted decrease in void ratio.
During the unloading-reloading phase of Figs. 1, 2, 3 and 4 (on the right of slope C s ), the numerical prediction by the MCC model slightly underestimates the swelling of specimens, whilst the HSM shows a good agreement with experimental measurements.
The overestimated consolidation by the MCC model is essentially owed to the parameters k and j which represent, respectively, the slopes of the oedometer curve both in consolidation and during unloading-reloading phases of the specimens of Tunis soft clay. Figures 5 and 6 show the numerical predictions of deviatoric stress versus axial strain, as predicted by the HSM, for various isotropic consolidation stresses as well as experimental measurements during the shear phase of CU triaxial tests performed on specimens 4 and 5.
Triaxial tests
The observed behavior during shear loading is overall in fair agreement with numerical results predicted by the HSM. This leads to the conclusion that the adopted failure parameters (C 0 and u 0 ) are quite representative of the observed behavior of undisturbed TSC specimens. Using Plaxis software (version 9.2) the simulation of observed behavior of those specimens subjected to oedometer and triaxial tests showed that the HSM predictions are in good agreement with measured data rather than predicted results obtained by the MCC model [6] . For this reason the HSM can be considered to model the TSC for the prediction of behavior foundations built on Tunis soft clay and subjected to vertical loading. Embankment on compressible soft clay This structure illustrates typical conditions of the expressway linking Tunis City and the La Goulette suburb. The geotechnical profile includes an embankment of thickness 2 m, resting on a saturated soft clay layer of thickness 6 m overlaying rigid impervious bedrock (Fig. 7) . The plane strain modeling is adopted for studying the behavior of this embankment using stage construction option. The Mohr-Coulomb model is adopted for the embankment material and the HSM model is adopted to model the behavior of soft clay (Tables 6, 7) .
Two stages construction were planned; for each the placement of 1 m thickness of embankment material is scheduled. As explained by Bouassida and Hazzar [3] such procedure enables the increase in undrained cohesion from partial consolidation because of very short waiting time of first load level (thickness embankment = 1 m).
The stage construction of embankment is presented in Fig. 8 . The option of primary consolidation is active to follow up the evolution of pore pressure during 3 years. Figure 7 shows the thickness of the soft clay layer h = 6 m, embankment dimensions (a = 5 m; b = 10 m; h r = 2 m) and L = 30 m.
Prediction of settlement under the embankment axis is 11.8 cm, whilst at the toe of embankment it is equal to 1 cm (Fig. 8) . It is noted that the consolidation settlement becomes almost stabilized after 250 days upon the commencement of stage loading. It follows an induced differential settlement between the axis and toe of embankment which compromises the stability of any load structure whenever applied at the upper side of embankment. In such situation, the need for stone columns or sand compaction pile techniques is quite helpful to significantly decrease, in allowable limit, the differential settlement under the embankment, adding to the acceleration of consolidation provided by the reinforcing columns that act like vertical drains because of enhanced drainage property of their constituent material [2] .
Conclusion
This paper discussed the behavior of Tunis soft clay as observed during an experimental investigation carried out on undisturbed specimens. Then, the simulation of performed oedometer and CU triaxial tests, using Plaxis 2D software has been considered. Two constitutive behavior laws were tested to model the Tunis Soft Clay: the hardening soil and modified cam clay models (HSM and MCC).
Comparisons between numerical results from the simulation of oedometer and triaxial tests favored the adoption of the HSM for TSC in order to predict the behavior of structures founded on typical soil profile comprising the soft clay layer and subjected to vertical loading. The study of the behavior of an embankment built on compressible Tunis soft clay showed the need to schedule a stage construction procedure.
